S
accades deliver the retinal image of an object to a specific retinal locus for detailed inspection during a period of fixation. The retinal locus for fixation in normally sighted subjects remains within 160 arc min 21 corresponding to a retinal diameter of approximately 35 foveal cone cells. Macular diseases, including age-related macular degeneration (AMD), may damage the fovea through various pathologic processes, resulting in a discrete region of blindness called a scotoma. Scotomas arising from macular disease are the leading cause of visual impairment in North America and Europe. 2 Attempting to fixate the former location of the fovea in an eye with central scotoma will image objects within the scotoma. Consequently, subjects may perceive objects as blurred, distorted, indistinct, or having vanished entirely from view. 3 To fixate without interference from foveal scotomas, many patients position their eyes so as to image objects upon a locus of relatively unimpaired eccentric retina, 4, 5 called a preferred retinal locus (PRL). Failure to efficiently use existing unimpaired retina may preclude patients from achieving optimal performance in everyday visual tasks. Bertera 6 highlighted that studying central retinal scotomas in patient populations is complicated by concurrent ocular disease as well as variation in the characteristics of scotomas between individuals. Artificial central scotomas provide a practical alternative because the experimenter can systematically manipulate individual scotoma characteristics in the same subject, thus eliminating confounding influences and greatly increasing statistical power.
Many techniques have been used to generate artificial central scotomas, including modified scleral contact lenses. 7 Currently, the preferred technique uses eye tracking 6,8 -10 to achieve selective image stabilization. In brief, this involves producing an arbitrarily shaped mask that obscures part of a stimulus background or scene. The mask is moveable, controlled by means of signals from the eye tracker. When a subject moves his/her eyes, the obscuring mask is displaced in such a manner to remain fixed with respect to the subject's fovea, simulating the effects of central visual loss.
In the past few decades, researchers have investigated the effect of artificial central scotomas on the oculomotor behavior of normal subjects. To elicit eye movements, these studies used visual search tasks. 6, 10 However, the visual search stimuli have been presented in highly regular matrices and lacked features and contrast variation normally present in natural scenes. Consequently, the location of candidate targets is highly predictable, and the oculomotor behavior for such search tasks may not correspond to that under more natural viewing conditions. By introducing natural variation in luminance, contrast, textures, edge density, and object sizes into a visual search task, we aim to study the impact of artificial central vision loss under more realistic conditions than have been used previously. Natural variation in spatial structure can be implemented by requiring subjects to search for targets embedded within calibrated natural images. If the location of the target and non-target features were entirely random, previous knowledge of the stimulus layout could not influence oculomotor behavior. 11 Alternatively, replacing the search target with that of a random spatial distortion does not change natural image statistics (local spatial structure, luminance, contrast, edge density, or amplitude spectrum) in a predictable way. 12 This avoids the introduction of abrupt changes in luminance, chrominance, or contrast and prevents the use of a single filter to make the task unnaturally simple--e.g., the task of finding a "C" target among "O" distractors 10 or finding a Gabor target in pink noise. 13 Furthermore, distortion targets can be introduced anywhere in the natural scene, which prevents subjects from searching in expected locations (e.g., table tops only for cups) and avoids the introduction of obvious contextual anomalies (e.g., a cup in a tree).
Recent work suggests that training on a visual search task can improve mobility performance under low-light conditions for people with visual impairments, including AMD. 14, 15 To develop novel rehabilitation interventions, a better understanding of the short-term oculomotor adaptations of the visual system after scotoma onset is needed. We, therefore, investigate short-term oculomotor adaptations to artificial central visual loss while normally sighted subjects conduct a visual search task within natural scenes.
METHODS
The research was conducted at the Schepens Eye Research Institute and followed the tenets of the Declaration of Helsinki. The research was approved by the departmental institutional review board. Subjects gave their informed consent before commencing the study.
Subjects
One of the authors (LM) and seven naive volunteers participated in the study (mean age: 23.1 years; range: 21-25 years). All subjects had normal or corrected-to-normal visual acuity of 0.0 logMAR or better, a Pelli-Robson contrast sensitivity of 1.80 log units or better, and no known ophthalmic disease. Subjects performed all trials under monocular conditions using their preferred eye, with their contralateral eye occluded with an eye patch. Other than one author (LM), no subject had previously participated in artificial scotoma or eye-movement experiments.
Stimuli were generated on a personal computer using MATLAB (Mathworks, Natick, MA), and routines from the PsychToolbox were used. 16, 17 Stimuli were displayed on a gamma-corrected LaCie Electron 22 in CRT monitor (LaCie U.S., OR) with a mean luminance of 50 cd/m 2 at a frame rate of 75 Hz calibrated with a Minolta LS100 photometer. The display measured 36°horizon-tally (1152 pixels), 27°vertically (864 pixels), and was positioned 57 cm from the observer in an otherwise dark room.
Stimuli
A set of 4165 calibrated 16-bit grayscale natural images was downloaded from an online database (available at: http://hlab.phys. rug.nl/archive.html), the characteristics of which have been described in detail elsewhere. 18 On each trial, a 1536 ϫ 1024 pixel source image was selected at random from all 4165 images, and an 800 ϫ 800 pixel area (25°ϫ 25°square) was then sampled at random from the source image and became the experimental image. No attempt was made to select images for particular content. The global root-mean-square contrast (the standard deviation of pixel values divided by the mean) of the experimental images was fixed at 0.2.
An area within the central 23°ϫ 23°, thus avoiding the edge of the test image, was selected at random to contain the distortion. Fig. 1 shows a representative image in which a distortion has been introduced at a random location indicated by the red dashed circle (that was not present in the experiment). Spatial distortions were introduced by remapping the pixels from the source image to the distorted image. The remapping was controlled with band-pass filtered noise, newly randomly generated for each trial, using log exponential filters:
Illustration of spatial distortion in natural image. Distortions were smoothly blended into a random location with a Gaussian window of x,y ϭ 1°. Although these images are probably unfamiliar and the firstorder statistics of the distorted region do not differ from the rest of the image, the distortion (ringed with a red dashed circle that was not present in the experiments) can be detected with minimum effort. where is spatial frequency, peak specifies the peak frequency, which was fixed at 0.5 cycles per degree, and b 0.5 is the half bandwidth of the filter in octaves, which was fixed at 0.5 octaves (full width ϭ 1 octave). The mean value of the band-pass filtered noise was fixed at 0, and its amplitude (Ϫ␣ to ϩ␣), which controlled the magnitude of distortion, was fixed at 0.5°. One bandpass filtered random noise sample controlled the horizontal displacement of each pixel, and a separate band-pass filtered noise sample (with the same peak spatial frequency and amplitude) controlled the vertical displacement of each pixel. Bilinear interpolation was used to support subpixel precision. Spatial distortions were smoothly blended into the image with a Gaussian window with a standard deviation of 1°, thus the magnitude of distortion beyond a 2°radius (Ϯ2) approached 0, which ensured that there were no abrupt transitions between distorted and undistorted areas of the image. The magnitude of the spatial distortion and the size of the Gaussian window were based on data from a recent study 12 in which we measured detection thresholds for spatial distortions in natural scenes across the visual field. The magnitude (0.5°) and spatial period (2°) of spatial distortion used in the present study were based on those data that were above detection threshold at all eccentricities and should therefore be detectable by peripheral vision with artificial central vision loss.
Central field loss was simulated with a circular Gaussian mask that occluded the background natural image on the CRT display. The Gaussian mask was continuously centered on fixation and progressively reduced the contrast to zero at the center of fixation. Three Gaussian central scotoma sizes were used: x,y ϭ 1, 2, or 4°. The x and y coordinates of the artificial visual loss were defined by the gaze-position data of the subject's preferred eye, sampled at 250 Hz with a video eye tracker (High Speed Video Eyetracker Toolbox; Cambridge Research Systems, Cambridge, UK). To determine the latency of the system, the delay between a drawing command to the graphics card and its corresponding update on the screen was measured with a photodiode and a USB-attached digital I/O acquisition board. The mean latency was 20.35 ms ( latency ϭ 3.75 ms) at the top of the screen. At 75 Hz, one refresh takes 13.33 ms, so the gaze-contingent updates nearly always occurred on the next video frame, but the gaze-contingent scotoma was potentially misaligned for 20 ms. The results are unlikely to be compromised by such a small temporal lag, as any information present for 13 ms or less will be unlikely to reach detection threshold. 19 To maintain the correct viewing distance and accurate eye tracking, a chin and forehead rest were used to restrict head movements. Many patients with central scotomas Ͻ6°do not readily perceive their scotoma on clinical testing, 20 and the scotoma can appear filled-in with the surrounding spatial structure. 3, [21] [22] [23] [24] The reported time course for the filling-in of scotomas depends on whether it is real or simulated, and if simulated, the method used to generate them. For real scotomas, perceptual completion took place instantaneously. 22 Scotomas simulated as an eccentrically viewed homogenous gray square filled in within 2 to 3 s, 25 whereas those simulated by retinal stabilization filled in after several seconds. 26 Subjective reports from all subjects in this current study indicated that filling-in of artificial scotomas did not occur. Nevertheless, whether the observer experienced filling-in over the artificial scotoma is irrelevant for the present task. The central gaze point of the search image was occluded by the simulated scotoma, and whether it appeared filled-in or randomly textured did not alter the absence of a foveal view of the stimulus.
Procedure
A minimum of two runs of visual search trials were performed in succession. Each run consisted of 70 search trials, 10 trials for each of the six artificial visual loss conditions: three central-simulated scotomas, three peripheral-simulated scotomas (not discussed here) and a control condition with no simulated visual field loss. Before each run, subjects performed an eye-tracker calibration for a set of 20 known target positions, evenly spaced over an area subtending 20°ϫ 16°, using the calibration routines supplied with the eye tracker, accessed from MATLAB. Each run was relatively short, and it was not necessary to recalibrate the eye tracker between trials. Furthermore, the gaze-contingent scotoma was continuously visible during the experiment, and observers were instructed to inform the experimenter if the center of the scotoma drifted from the center of fixation. No subject reported any drift.
The search trials commenced with subjects fixating an isoluminant green central dot subtending 11 arc min in the center of an otherwise uniform field of mean luminance. To initiate a trial, the subject pressed a response button on a computer mouse, which caused the uniform background and fixation target to be immediately replaced with the experimental image and gaze-contingent artificial visual field loss superimposed. It was then the task of the subject to search the natural scene for the spatial distortion and, once located, to indicate its position by moving a mouse-controlled cursor to the center of the distortion and pressing a response button on the mouse. The standard Microsoft Windows XP operating system arrow was used in this experiment. It was composed of a white center (100 cd/m 2 ) and a black outline (0.1 cd/m 2 ) and was easily visible to subjects owing to its relatively high contrast against 0.2 root-mean-square contrast natural images. A correct feedback signal was provided if the cursor fell within a radius of 2°from the center of the distortion, outside which an incorrect response was recorded. Visual feedback was provided at the fixation dot, which was isoluminant green after a correct response or isoluminant red after an incorrect response. Finally, the subject returned their fixation to the central dot ready to begin the next trial. At the commencement of each trial, the cursor remained at, and was continuous with, the last cursor position. The order of the 10 trials for each of seven conditions was randomly interleaved.
No time limit was imposed on any trial. Subjects were not provided with any instruction on adopting a specific search strategy but were encouraged to search freely within the experimental image. Subjects were instructed not to guess, but to be confident of, the location of the spatial distortion before responding, if possible. Subjects were given sufficient practice trials to demonstrate all conditions of artificial visual loss and the spatial distortion target.
Data Analysis
Eye-movement data were analyzed offline using MATLAB software with routines written specifically for this purpose. A timestamped data file of the x and y coordinates of gaze position, in millimeters from the screen center, was recorded at 250 Hz during all search trials. Gaze positions were not tracked between search trials. Before the statistical analysis of eye-movement data, lost data samples arising from blink movements and eye-tracking failures were identified. Such lost gaze points amounted to Ͻ9.5% of the total data recorded. Gaze positions during lost intervals were linearly interpolated between the adjacent gaze positions, evenly distributing missing data points between recorded data points. Similar results were obtained when lost data points were removed or substituted with the last successfully recorded gaze position, which were alternative methods we considered. Once the interpolated data was substituted, all eye-position data were analyzed in the same way. A saccade was defined statistically as any change in eye position Ͼ1.96 above the mean of all changes in eye position made within a particular trial. For a comprehensive discussion on the use of our fixation-saccade classification technique, the reader is directed to Appendix 1 (available at http://links.lww.com/OPX/A103).
Saccade duration was defined as the time elapsed between saccade onset and saccade offset, and saccade amplitude was defined as the absolute distance between the last eye position of one fixation epoch and the first eye position of the next fixation epoch. Saccade frequency was expressed as the number of saccades per second. Fixations were defined as the collection of gaze points that were separated by eye movements Ͻ1.96 above the mean made in a particular trial. The small eye movements that occur during fixation were defined as microsaccades. Fixation duration was defined as the time elapsed between two successive saccades. Fixation frequency was expressed as the number of fixations per second. Fixation stability was defined as the spatial distribution of eye positions during a period of fixation. We calculated the horizontal and vertical standard deviation of fixation stability and the bivariate contour ellipse area (BCEA), with a probability area of 68%, 27 as an estimate of the area of a given fixation. Search time was defined as the time elapsed between start of a trial and the mouse button press ending the trial. Before statistical analysis of search times, data were examined to determine the proportion of trials in which subjects had failed to locate the spatial distortion, that is, the position of the mouse-controlled cursor exceeded a 2°radius from the center of the target spatial distortion at the time of the mouse button press. Unfortunately, data on the accuracy of mouse placement were collected for only two of the eight subjects tested. Each of the two subjects completed 80 trials each, 20 trials for each of the four conditions. The combined data for both subjects are presented later in the article.
Given that subjects were permitted unlimited search time, no significant correlation was found between search time and failure to identify the spatial distortion. This suggests that despite the difficulty posed in searching with artificial visual field loss, subjects did not forfeit trials but rather made a persistent attempt to locate the spatial distortion. In addition, search time data exceeded 1 s in duration in Ͼ99% of search trials, indicating that subjects made a reasonable attempt to locate the spatial distortion during each trial (Table 2) .
To determine whether search time, fixation duration, number of saccades, saccade duration, and saccade size were normally distributed, the raw data were analyzed with a two-sample KolmogorovSmirnov test, accessed with MATLAB's "ktest2" function. This analysis confirmed that the data were not significantly different from normally distributed and parametric statistics could be applied. Uncorrected raw data were then analyzed by within-subjects ANOVA statistical analysis using SPSS (SPSS, IBM Corporation).
For group analyses, the data for each subject were normalized to their performance in the control condition (no artificial visual field loss). This corrected for variations in baseline performance between subjects and for differences in the total number of trials completed by each subject. Search times and eye-movement parameters for each condition reported are the normalized mean and standard deviations of a minimum of 20 searches per condition per subject. Pearson linear correlation coefficient, r, was computed using the "corr" function accessed through MATLAB. The corresponding p value, an output of the "corr" function, indicates whether the correlation is significantly different from zero based on a Student's t-test.
RESULTS
A summary of the raw search time data for each condition is provided in Table 1 . Fig. 2 Of the saccades made in the control condition and in each of the scotoma conditions, 99% were Յ15°in amplitude. Fig. 3 shows the frequency distribution of saccade amplitude for 24,010 saccades made in the control condition. This distribution was fitted with an exponential curve, of the form y ϭ a*exp(Ϫ1/b*x), using the curve-fitting toolbox within MATLAB. The decay constant for the control condition exponential was 0.108°Ϫ 1 (R 2 ϭ 0.982).
Similar decay constants of 0.100°Ϫ 1 (R 2 ϭ 0.984), 0.101°Ϫ 1 (R 2 ϭ 0.982), and 0.115°Ϫ 1 (R 2 ϭ 0.977) were obtained for central scotoma conditions of 1, 2, and 4°, respectively. This suggests no systematic relationship between saccade amplitude and scotoma size.
Figs. 4a to d illustrate the distributions of saccade amplitudes, plotted as histograms for each subject, for the control condition and scotoma conditions. In each case, saccade amplitudes have been log 10 scaled to reveal the underlying distribution because the linear distributions were excessively skewed. The general distribution of saccade amplitudes in the control condition (Fig. 4a) is negatively skewed. Although none of the mean normalized saccade amplitudes for the scotoma conditions differs significantly from the control condition, Figs. 4b to d show that as scotoma size is increased, the distribution becomes less skewed and appears more bimodal, with the first peak for saccades at 1 to 1.5°and the second peak at approximately 3.5°. The decrease in negative skew indicates that subjects made fewer very small saccades when the scotoma was present (see discussion of fixation stability later in the text).
The statistical significance of bimodality was tested using the Hartigan dip test of unimodality. However, although there was a trend toward bimodality, none of the distributions in Given that the artificial scotoma was centered on fixation, if oculomotor behavior remained referenced on the fovea, there should be no saccades smaller than the radius of the scotoma because any peripheral target would therefore remain within the scotoma. We, therefore, determined the proportions of saccades that were smaller than the scotoma (i.e., saccades Յ x,y ). These were 0.119, 0.390, and 0.630 for x,y of 1, 2, and 4°, respectively. This means that for the smallest scotoma ( x,y ϭ 1°), approximately 12% of eye movements failed to move the (masked) fovea out of the scotoma; this number increased to 63% for the largest scotoma ( x,y ϭ 4°).
Because each saccade is followed by a fixation and vice versa, the data for fixation number and frequency are identical to that for saccades. As with saccade frequency, because the fixation frequency remained constant across the control and scotoma conditions, it must follow that fixation duration remained constant across the control and scotoma conditions. No statistical difference was found in fixation duration between the control condition and the scotoma conditions; however, it did vary a mean factor of 1.25 ( ϭ 0.28), 1.14 ( ϭ 0.22), and 1.23 ( ϭ 0.21) from the control condition for scotomas of x,y ϭ 1, 2, and 4°, respectively. Fig. 5a plots the standard deviation of microsaccades during periods of fixation as a function of scotoma size, and Fig. 5b plots the BCEA as a function of scotoma size. The spatial distribution of microsaccades during fixation and the BCEA are both indications of fixation instability, that is, when eye position is distributed over a larger area during a fixation, then fixation is more unstable. The mean BCEA was 947 min arc 2 for the control condition, which increased to 3398 min arc 2 for the 4°scotoma. We next examined horizontal and vertical standard deviations to determine the principal source of this additional variation. The standard deviation of 
DISCUSSION
Search time increased with scotoma size. Individual variation in search time was observed, suggesting that some subjects were more impaired than others by the presence of a central scotoma. Although there was a trend at all sizes, only the largest scotoma condition, x,y ϭ 4°, was significantly different from the control condition. From this observation, we can conclude that either the visual system is able to immediately compensate for small to moderate amounts of central visual deprivation or the resolution of parafoveal vision with the two smaller scotomas ( x,y Յ 2°) was adequate for the present task. The latter suggests that the parafoveal vision can be sufficient for visual search within natural scenes, as long as the target object subtends an area that is larger than the scotoma. If so, the expected impairment in visual search after central vision loss will be highly dependent on the extent of loss and the size of the target to be detected.
No relationship was found between saccade frequency and scotoma size; trials in which search times were longer simply had a greater number of saccades. The amplitude of most saccades does not exceed 15°when viewing images or walking outdoors, 28 consistent with 99% of saccades in all conditions of the present study. However, the decay constants reported for the saccade frequency distributions are, in general, half of that measured in normal subjects for an outdoor walking task. 28 This indicates that saccades made during our visual search task were smaller than those made in full-field outdoor natural scenes.
No relationship was found between the mean saccade amplitude and scotoma size. In the present task, subjects were required to search within a natural scene and to identify and locate a spatial distortion. The position of the distortion was completely random, thereby precluding knowledge or priors about the likely location of particular objects in natural scenes 11 and thereby forcing the task to be entirely visually based. The magnitude and period of the spatial distortion was chosen to be identifiable across the retina so that any retinal location could, in principle, be used to complete the task. Therefore, the task does not provide any implicit stimulus for PRL development, and choosing a PRL closest to the scotoma boundary will improve the resolution of local spatial information. Although subjects were naive to this fact, the results seem to suggest that in the presence of a central scotoma, subjects continued to make saccades as normal, possibly using a temporary PRL.
The observation that many saccades (63% for the 4°scotoma) were smaller than the radius of the scotoma indicates that a nonfoveal retinal locus drove eye movements. This is because if eye movements remained referenced on the former fovea, all saccades smaller than the radius of the scotoma would retain the point of regard within the scotoma. This suggests that a temporary nonfoveal location may have been referenced for eye movements. We attempted to identify whether subject had spontaneously developed a PRL in two ways. First, we examined the direction of the center of fixation relative to the end point of each preceding saccade. We hypothesized that each saccade would initially bring the target into the location of the masked fovea. Next, a small corrective saccade would be deployed to bring the target out of the scotoma and into a PRL if one existed. According to this hypothesis, the direction of such a corrective saccade should be relatively constant. The presence of a second peak in the distribution of saccade sizes in scotoma conditions (Fig. 4) was consistent with this hypothesis. However, there was no consistent relationship between the end point of the saccade and the center of the following fixation. Second, we examined the relative location of gaze with respect to the target location at the end of the trial. At this point, we hypothesized that subjects would attend to the target with any PRL, had they developed one, and this would produce a fixed directional or angular relationship with the target and the calibrated foveal location. However, there was no consistent relationship between the final gaze point and the location of the target (Figure 6) . Therefore, the non-foveal reference varied across saccades and therefore failed to meet the definition of a PRL. Despite this finding, we attempted to determine whether subjects maximized the resolution of visual information, based on distance from former fovea. This is possible only by analyzing the final fixation relative to the spatial distortion, as it is impossible to know what subjects were attending to as they searched within the natural scenes. Because the spatial distortion was smoothly blended into the image with a Gaussian window of x,y ϭ 1°, the magnitude of distortion beyond a 2°radius (representing Ϯ2 x,y ) approached 0. To maximize the resolution of visual information in the control condition, subjects would have to have placed their fovea as close as possible to the spatial distortion. Thus, the distance between the geometric center of the distortion and the fovea would be less than the radius of the distortion (2°). In scotoma conditions, subjects would have to place the edge of their scotoma (defined as 1 x,y ϭ 61% amplitude) within the radius of the spatial distortion (corresponding to a former foveal distance of Ͻ2°ϩ x,y ). Using these definitions, subjects maximized the resolution of visual information of the target on 48.2, 67.1, 55.3, and 71.7% of trials for the control and x,y ϭ 1, 2, and 4°scotoma conditions, respectively.
Is it plausible for subjects to intuitively search natural scenes without the need for a PRL or to maximize the resolution of potential targets? The fovea is typically considered to subtend the central 5°of a monocular visual field that subtends approximately 130°vertically and 150°horizontally. At any one time, most of the visual field is imaged not on the high-resolution fovea but on lower resolution non-foveal regions. In addition, the world we inhabit is Absolute distance, in degrees, of final fixation locations relative to the geometric center of the spatial distortion. Each plot is a representative sample for (a) control condition for subject LM, (b) x,y ϭ 1°for subject CV, (c) x,y ϭ 2°for subject SM, and (d) x,y ϭ 4°for subject MS.
not one composed solely of high-contrast or high-spatial frequency. The benefit expected to be gained through the use of a PRL for visual search tasks is questionable. This idea is supported in a case report by Crossland et al. 29 detailing "An unusual strategy for fixation" in a patient with advanced bilateral AMD. The patient's fixation behavior suggested a preference for a larger area of lower resolution retina for distance tasks and navigation but a smaller area of higher-resolution retina for reading.
We observed no significant relationship between fixation duration and scotoma size. Geisler et al. 13 found that fixation duration increased, by a factor of up to 1.5, when subjects took longer to search for a Gabor in pink noise. In this study, we found a comparable increase in fixation duration, but this failed to reach significance. Our results for fixation duration conflict with other studies that have used artificial scotomas with different tasks, including reading 30 and visual search tasks in highly regular search arrays. 6, 10 These tasks did not use natural images but instead resolutiondependent stimuli. For the highly regular search arrays, this took the form of a gap subtending either 0.05 to 0.10°6 or 0. to 0.93°, 10 whereas for reading, text subtending 0.52 to 2°. The variation in spatial structure within our experimental images did not require an explicit resolution threshold to achieve the task-we intentionally selected a distortion that could be detected equally well at all eccentricities. Given that the temporal integration period increases 31 with retinal eccentricity, if subjects had attempted to use nonfoveal vision to maximize resolution, we would have expected an increase in fixation duration with scotoma size. However, subjects did not spontaneously make this adaptation, and this suggests that rehabilitation efforts might concentrate on training longer more efficient fixations. A strong relationship was found between fixation stability and scotoma size. The BCEA for normal subjects without macular disease who fixate a single isolated target for several seconds, often within a microperimetry system, is generally Ͻ1200 min arc 2 .
27,32-35
The present results show comparable BCEA values for brief periods of fixation during visual search within a natural scene. Previous studies failed to find a clear relationship between scotoma size and BCEA in patients with macular disease, both long-standing 33, 36 and of recent onset. 27 Although a larger scotoma may be expected to force a subject fixate with more eccentric retina, this is based on the assumption of a symmetrical and foveally centered scotoma, as in the present study. Unlike our simulation, this is rarely, if ever, the case for pathological central scotomas. A more accurate prediction of fixation impairment in pathological vision loss may be achieved by considering the minimum distance between the scotoma boundary and the former fovea, that is, the minimum eccentricity of the scotoma boundary. We found an increase in fixation instability with scotoma size, but this reached statistical significance only for the largest scotoma. This implies a critical scotoma eccentricity, beyond which fixation becomes significantly unstable. This idea is consistent with previous research that found unstable fixation for artificial scotomas of Ͼ10°diameter (for comparison, a x,y of approximately 5°), but found little reduction in fixation stability with scotomas of 5°diameter (for comparison, a x,y of approximately 2.5°). 37 It is likely that this impairment in fixation stability contributes to the impairment of visual search performance observed by reducing identification performance during periods of fixation. Although fixation instability is likely to reduce contrast sensitivity at a given eccentricity relative to an eye with stable fixation, it has been previously shown that acuity for high-contrast targets is relatively unaffected, unless the fixation instability moves the target to more eccentric locations. 38 Crowding of features within the natural scenes is also likely to have occurred as subjects viewed eccentrically. 39 This may have led to difficulty in disambiguating features when viewing with peripheral retina. Note that in previous studies, targets were presented at relatively isolated locations, surrounded by blank backgrounds of local mean luminance, thus minimizing the effects of crowding, but limiting the relevance to visual search in natural scenes.
Both horizontal and vertical components of fixation became increasingly unstable with an increase in scotoma size. Despite a symmetrical central scotoma, this was more pronounced along the horizontal axis than vertical axis. Given the asymmetry between the two meridia, tasks requiring eye movements parallel to the meridian of greatest instability (e.g., horizontal for reading) are likely to be more detrimentally affected than tasks requiring perpendicular eye movements.
Several recent studies have reported benefits of visual search training for mobility in patients with low vision, mostly under conditions of low luminance or contrast.
14, 15 The present results suggest that the main oculomotor change with the use of peripheral vision is an increase in fixation in stability. It is therefore possible that visual search training in these studies aided either the stability or the duration of fixation. Measures to counteract fixation instability, either by means of meridian specific training or manipulation of stimuli along the axis of greatest fixation instability (magnification, contrast enhancement etc), may facilitate the development of viewing strategies beneficial to patients with central vision loss.
We acknowledge that a temporary simulated scotoma may only partially reproduce the effects of a chronic pathological scotoma, which cannot be simulated reliably with current technology. We speculate that for stable pathological scotomas, search efficiency and eyemovement accuracy may improve with a trained PRL. However, owing to the progressive nature of central vision loss from AMD, it is likely that this performance gain may require ongoing rehabilitation. A limitation of this study is that a spatial distortion is an ideal search target only in subjects with normal vision, no ophthalmic disease, and no metamorphopsia. We have devised alternative visual search tasks for ongoing work in clinical subjects with ophthalmic disease with and without metamorphopsia. 40 
CONCLUSIONS
This study found impairment in visual search of natural scenes in the presence of central scotomas. This impairment is primarily due to a reduction in fixation stability associated with the use of peripheral vision for fixation in the presence of a central scotoma.
The results indicate a minimum scotoma extent beyond which fixation becomes significantly unstable. For absolute central scotomas, the eccentricity of the scotoma boundary from the former fovea is a better predictor than scotoma size for fixation impairment. No difference was found between the oculomotor system between normal subjects and those viewing with artificial central scotomas. This result suggests that subjects intuitively conduct visual search without any attempt to maximize resolution. This failure may be particularly problematic for reading, which is lim- ited by high-spatial frequency resolution and may critically depend on PRL development. Therefore, the requirement for the detection of high-spatial frequency targets may facilitate PRL training and rehabilitation. Although the use of a PRL may facilitate detailed tasks, it remains unclear whether a non-central focus of optic flow impacts on navigation and mobility. Spatial resolution does not appear to be a factor in the present visual search task, in which targets were designed to be visible at all eccentricities. This property may be desirable for overcoming the fixation instability, but it may not promote the development of a stable PRL.
